Natural gas is an important energy source for power generation, a chemical feedstock and residential usage. It is important to analyse the future production of conventional and unconventional natural gas. Analysis of the literature determined conventional URR estimates of 10,700-18,300 EJ, and the unconventional gas URR estimates were determined to be 4,250-11,000 EJ. Six scenarios were assumed, with three Static where demand and supply do not interact and three Dynamic where it does. The projections indicate that world natural gas production will peak between 2025 and 2066 at 140-217 EJ/y (133-206 tcf/y). Natural gas resources are more abundant than some of the literature indicates.
Introduction
Natural gas is a flammable gas consisting predominately of methane found naturally in basins around the world. There are two main categories of natural gas namely, conventional and unconventional natural gas. Unconventional natural gas includes, coal bed methane, shale gas, tight gas, aquifer gas, biogenic and methane hydrates. In particular, coal bed methane is natural gas produced from coal seams [1] , likewise aquifer gas is from water aquifers [2] , tight gas is natural gas trapped in sandstone formations with a permeability of < 0.1mD [3] , shale gas is a poorly defined term referring to a gas that is from an organically rich and fine grained deposit [4] , biogenic gas is natural gas generated at a shallow depth from the degradation of organic material [5] , finally, methane hydrates is natural gas trapped in ice crystals [6] . Conventional natural gas is considered to be natural gas sourced from rocks that is not one of the previously mentioned unconventional natural gases. Natural gas does not include man-made synthetic gases (such as syngas) or a predominately methane gas produced from landfill sites or manure or decomposing vegetation.
Natural gas is widely used around the world for a variety of applications including: power generation, chemical industry feedstock, transportation and for residential use. Production in 2008 was ∼113 EJ/y (∼108 tcf/y) [7, 8] and consumption is expected to increase to 164 EJ/y (156 tcf/y) in 2035 [9] . Is this future consumption possible?
The importance of natural gas has resulted in eight long term projections of future natural gas production in the literature. Table A.1 has the forecasted peak year and rate of production along with the year the estimate was made. [10] estimated that natural gas production would peak at 115 EJ/y in 2040, this projection is no longer valid due to current production currently at the forecasted peak production rate. With the exception of Zhang et al. [11] all of the remaining projections forecast natural gas will peak at or before 2021 [5, [12] [13] [14] [15] [16] . The projection by Zhang et al. [11] forecasts a peak in 2030-35. The importance of natural gas, and the considerable amount of effort, time and money needed to replace natural gas with alternative means that it is critical to determine whether natural gas will peak in less than a decade or around 2030-35 (or a different date altogether).
The aim of this study is to determine when and at what rate natural gas production will peak. To achieve this first, a review of natural gas projections in the literature will be presented. Next, URR values for both conventional and unconventional natural gas will be estimated, by Low, BG and High values. Next the model used to create the natural gas projections will be described. Finally the natural gas projection will be presented and compared with literature studies and possible future implications will be discussed.
Natural gas projections
Conventional natural gas production for the world has been projected to peak between 2008 and 2040 [5, 10, [12] [13] [14] [15] [16] . The studies used Hubbert curves [12] [13] [14] 16 ], Generalised Bass model [15] , constant decline rate [5] and unknown method believed to be a Hubbert curve [10] . Edwards [10] modelled world a Defined as the sum of all historic and future production conventional gas production and assumed a URR of 12,200 EJ and a peak date of 2040 at ∼115 EJ/y. Al-Jarri and Startzman [12] also modelled world conventional production and used a URR of 7,400 EJ and a peak date of 2011 at 108 EJ/y. Al-Fattah and Startzman [13] and Imam et al. [14] modelled conventional natural gas production by country and estimated a peak of 2014-2017 at 104 EJ/y with a URR of 10,560 EJ and a peak of 2019 at 93EJ/y with a URR of 9,680 EJ respectively. Guseo [15] modelled conventional world gas production by assuming a URR of 7,700 EJ determined a peak in [2008] [2009] [2010] [2011] [2012] [2013] [2014] at ∼105 EJ/y. Laherrère [16] estimated a URR of 10,500 EJ and projected a peak date of 2020 at 140 EJ/y. Campbell and Heaps [5] Hubbert curves to show it would peak in 2030-2035 at ∼137 EJ/y (∼130 tcf/y) [11] . Table A .1 summarises the conventional natural gas literature.
World unconventional gas production for the world has only been examined in the literature by Campbell and Heaps [5] and Laherrère [17] . In particular, Campbell and Heaps [5] projected unconventional gas as well as methane hydrates and biogenic gas and estimated a production to plateau in 2030 at 15 EJ/y. Laherrère [17] projected unconventional gas (including aquifer gas and methane hydrates) to peak around 2057 at ∼26 EJ/y. Three scenarios where chosen, which were similar to the estimate in Mohr (2010) [18] . The only difference from the previous estimate was that a newer version of the BGR report [19] was used here. In particular, the Low scenario assumed estimates in general from Campbell and Heaps [5] and Laherrère [17] .
In places the estimate is from BGR [19] due to insufficient information. The
Low URR estimate was 10,700 EJ (10,200 tcf), which is very similar to some of the lower URR estimates in the literature [5, 13, 16] . The High scenario assumed the estimate from BGR [19] , which is the highest known URR estimate in the literature, with cumulative production added for countries that have ceased producing natural gas. The only change comes to the estimate for USA, it is indicated that the USA URR estimate by the BGR contains significant amounts of unconventional gas in it as well [20] . For this reason, a lower URR estimate for the USA is selected instead of the BGR estimate. Finally the Best Guess (BG) scenario assumes the authors best estimate, and the source of the estimate for countries with >50 EJ is explained in Table A. 3. The BG URR estimate assumed a URR of 12,900 EJ (12,300 tcf) and is similar to the estimate by Edwards [10] .
Unconventional natural gas URR
The unconventional natural gas URR estimates are arranged by type. First coalbed methane is described, next shale gas and finally tight gas.
Coalbed methane
Kuuskraa and Stevens (2009) Table A. 10. In the future, it is likely that the URR value assumed for the rest of the world will be considered too high or low. However it is impossible to reduce the uncertainty due to the limited amount of literature on shale gas resources in the world.
Tight gas
Tight gas reserves have been estimated for the world by Total to be between 740 and 1850 EJ, with the splits by region as shown in Table A .11 [33] . In addition worldwide tight gas resources have been determined to be approximately 8,000 EJ (see Table A 
Other sources
Due to the limited and/or contradictory information on the resource size of other unconventional sources of natural gas, this article will examine only coalbed methane, shale gas and tight gas unconventional sources. It is reasonable to assume that in the future, production from methane hydrates and other unconventional sources may occur. It is likely that these resources will take a decade or more to be exploited.
URR Summary
A summary of the URR values selected is shown in Table 1 4 Model Analysis
The demand-production interaction model is described in [18] . Briefly, a URR is assumed for a given country b , with production capability based on historical production for North Sea gas production. Production is further influenced by demand interactions.
b which has a number of basins and fields Table 1 Conventional natural gas URR in ZJ for the world by country 
Production
Production of natural gas is determined from individual countries. Countries generally contain one or more natural gas basin, e.g. Carnarvon basin in Western Australia and the Bass Strait for Australia. These basins contain individual fields where natural gas is extracted. In order to project the production for a country, it is necessary to determine the production from basins and fields.
The production of natural gas for the world, is determined as the sum of all the fields' productions in a basin, for all the basins in a country, and for all the countries in the world.
Basins
First, the total number of basins n R T is inputted into the model, and the number of basin that have been placed on-line n R (t) is determined by the square root of the cumulative production. Mathematically this is:
where Q(t) is the cumulative production of the country and Q T is the URR of the country. At the start year it is assumed that one region is on-line. The URR of the i-th basin, Q R T i , is calculated by:
where Q (i) is defined as:
where r is a rate constant. This profile ensures that the size of the first basins are small, the middle c basins are large and finally the last basins are small. The equations developed were justified by examining North American oil production by states [18] . With the size and start year of the basin known the production for the basin is determined from these inputs as described below.
Fields
The production of a basin is determined from the production of individual fields in the basin. The number of fields on-line, URR of the fields and the production profile of the fields needs to be determined in order to calculate the production of the basin.
The number of fields on-line n F (t) was assumed to be proportional to the cumulative production of the basin Q R (t), that is:
where r F is a rate constant, n F T is the total number of fields in the basin and Q R T is the URR of the basin.
The URR of fields in a basin vary, hence the model has to change the size of the fields. The URR of a new field determined by assuming the cumulative discovery verses cumulative number of fields on-line follows a power law c ie ones around n R T /2 11 relationship that is:
where Q D (t) is the cumulative URR in the first n F (t) fields. If the i-th field is brought on-line in year Y F i then the URR of the i-th field Q T i is determined by:
The production profile of the field is assumed to, initially ramp up over 1 year to a maximum production level F P i , which is maintained until the year t r i is reached where after it exponentially declines until production reaches 1% of the maximum production level as shown in Figure 1 . The field profile can be expressed mathematically as [18] :
with t r i equal to:
where Q r−i is the URR remaining when production begins to decline. The maximum production, F P i , and URR remaining when production declines, Q r i , are assumed to be proportional to the URR of the field. Fig. 1 . Field profile assumed in the model [18] The justification for these equations was based on analysis of the UK North Sea oil and gas statistics [18] . The equations above can be used to replicate the production from an oil or gas region (e.g. the UK component of the North Sea).
Demand
The demand can be determined in two ways Dynamic and Static, the Static demand is dependent on time only, whereas the dynamic demand is a modification of the static demand where natural gas also influence the demand. The simpler Static demand is described here, and the dynamic demand is described in the appendix.
The static demand for natural gas D G (t) is defined as:
where p(t) is the world population,D(t) is the per capita demand for fossil 13 fuels and f G (t) is the natural gas fraction of fossil fuel demand. The population projection adopted in this study is the same as that used previously [18] , i.e. 
The per capita demand projection used was identical to that in Mohr's thesis [18] namely:
Finally the natural gas fraction of demand was determined previously [18] to be:
Results and discussion
The model projections are shown in Figures 2 and 3 , and Tables 2 and 3 summarise the peak years and rates. The projections for each country and continents are presented in the electronic supplement. The Static projections indicate that total natural gas production for the world will peak between 2025 and 2066 with a peak rate of 139.6-216.6 EJ/y The demand assumed here is for the world, which requires large deposits of natural gas do not become stranded. It is possible that future bottlenecks may occur if adequate LNG shipping terminal and natural gas pipelines are not built. In particular, infrastructure such as the Turkey to Austria pipeline is necessary to ensure that Middle East natural gas production continues to grow and to provide Europe with a secure source of natural gas should Russia and Former Soviet Union countries continue to have disagreements over the price of natural gas.
The North American market is an important gas region due to the current shale boom, and will be discussed. The shale gas production in North America, is projected to underpin most of the future growth to North American gas production. Canada is currently dependent on natural gas to exploit its natural bitumen resources d . It is projected that natural gas production will peak sometime between 2010 and 2064, at 27.1-44.8 EJ/y with the Case 2 projections indicating a peak in 2018 and 2023 at 31 and 34 EJ/J respectively.
It is unlikely that South America will be able to export much natural gas, so it is important that Canada and USA users and governments manage the long term use of natural gas.
d In the long term it would make sense to gasify mined natural bitumen to create a synthetic gas to extract the larger in-situ resources
Conclusion
The Ultimately recoverable resources for conventional and unconventional natural gas for each country was determined. The URR was determined to be 10,700-18,300 EJ for conventional sources and 4,250-11,000 EJ for unconventional sources (coalbed methane, tight and shale gas). The conventional natural gas resources are dominated by Iran, Qatar, FSU and USA with considerable contributions from other nations. A demand-production model [18] was used to create six natural gas projections, Static projections have no production and demand interactions and Dynamic projections have interactions. The projections by Laherrère [16] , Campbell and Heaps [5] and Zhang et al. [11] are broadly confirmed by Case 1 and Case 2 however, no literature estimates are as optimistic as the Case 3 projections.
Electronic Supplement
The Electronic Supplementary contains the projections of all countries, and the constants used in the model. 
A URR Calculations
This section contains the Tables of URR information. 
B Dynamic Demand
The Dynamic demand is the same as the Static demand except thatD(t) is modified as described: G(t) is the fractional difference between supply and demand defined as:
where P (t − 1) is the world's production of natural gas in the year t − 1. 
